Silicon nanorods were produced by the vapor-liquid-solid process and by wet chemical etching as possible candidates for solar cells. The nanostructures of Si nanorods formed by the two different processes are investigated and compared by transmission electron microscopy. The first type of nanorods was formed from bulk Si by wet-chemical top-down etching using Ag particles as catalyst. They exhibit a perfect crystalline structure but a wide distribution of diameter. The cross section of these rods is irregular, no faceting is observed, and the shape of the cross section depends on the random arrangement of the Ag particles. The etched rods are mostly parallel to the substrate normal as it is expected. The second type of nanorods was grown on Si substrate by the bottom-up vaporliquid-solid method using gold as a catalyst and silane as silicon source. These nanorods exhibit a single crystalline structure with twin boundaries and some kinks. The cross section of these rods is almost circular, but faceting is often observed.
Introduction
Silicon-based solar cells are favored, thanks to the nontoxicity of the material and also due to the well-developed silicon technology. During the last decade, silicon nanorods (SiNRs) gained a great interest in several applications, for example, sensors [1, 2] , and also as solar cell materials [3] [4] [5] [6] [7] . Such good quality, mostly single-crystalline and defect-free semiconductor nanostructures can be used as building blocks of novel semiconductor devices. Near-zero reflection over a broad range of incident angles is obtained by forming a density-graded layer with features smaller than the wavelength of light [8] , which eliminates the need for conventional vacuum-deposited antireflection coatings.
The required material for growing such a forest is also much less than the volume of bulk structures since NRs can be grown on any cheap substrate that is sufficiently stable at growth temperatures.
The most favored way to grow SiNRs is the vaporliquid-solid (VLS) growth [9] in which Si nanorods are grown under a gold droplet supersaturated by silicon from a gas phase. Using gold as a catalyst in the VLS process SiNRs usually leads to <111> or <211> growth direction depending on growth conditions. VLS grown silicon nanorods are compared to those ones, which are etched from a silicon wafer by wet chemical etching using silver nanoparticles, as a catalyst [10] [11] [12] . The crystallography, morphology, and microstructure of silicon nanorods are studied by transmission electron microscopy (TEM) and discussed in detail in the present paper.
Materials and methods
Low boron doped p-Si(111) wafers were used for the wetchemical etching technique. Wafers were cleaned in acetone and ethanol for 2 + 2 min, and then, the native oxide was removed by a short treatment in 40% hydrogen fluoride (HF) followed by a 1-min rinse in 2% HF. Finally, the wafers were cleaned from the remaining HF by deionized water and blow dried. This cleaning process results in a hydrogen terminated surface which may prevent oxidation of the silicon surface for a few minutes under atmospheric conditions. This allowed silver deposition on practically oxide free Si surfaces. Silver nanoparticles were deposited on the substrate by immersion into an aqueous solution of 0.02 M silver nitrate and 5 M HF. Then, the wafer was immersed in a second etching solution containing a mixture of 5 M HF and 30% H 2 O 2 in a volume ratio of 10:1. In this step, the Ag particles etch channels into the silicon and practically sink into the substrate. The process is driven by the fact that silver nanoparticles catalytically decompose hydrogen peroxide (H 2 O 2 ) [13] . After the etching steps, SiNR surfaces were rinsed in deionized water and dried. To remove the silver particles from the structure, the wafer was immersed in 65% nitric acid for a couple of minutes.
Silicon nanowires were also prepared by the vaporliquid-solid (VLS) method using chemical vapor deposition (CVD) from silane (SiH 4 ) under two different conditions. In the first, a low doped n-Si(111) surface was treated in diluted HF and then annealed in a molecular beam epitaxy (MBE) chamber at 830°C and a pressure of about 10 −9 mbar for 20 min to remove the native oxide. Subsequently, a 0.5-nm-thick Au film was deposited on the substrate by MBE at a temperature of~510°C. Then, the specimen was transferred into the CVD chamber and annealed at 580°C in high vacuum (1 × 10 −7 mbar) for 10 min. The temperature was then reduced to~510°C, and the process gas (5 sccm Ar; 4 sccm SiH 4 ; total pressure, 0.5 mbar; low silane partial pressure,~0.27 mbar) was introduced for the nanowire growth for 20 min. In the second experiment, 150 nm Au colloids (British Biocell Int.) were directly deposited onto low doped n-Si(111) substrate using a self-assembly technique and silane chemistry [14] . The samples were transferred into the CVD chamber and annealed at 580°C in a high vacuum (1 × 10 −7 mbar) for 10 min. The temperature was reduced to~510°C, then the process gas was introduced (10 sccm Ar; 5 sccm SiH 4 ; high silane partial pressure, 0.66 mbar; total pressure, 2 mbar), and NWs were grown for 20 min.
Microscopy was carried out on two transmission electron microscopes (TEM), a Philips CM20 analytical microscope operating at 200 kV, and used for diffraction contrast imaging and a JEOL 3010 high-resolution microscope equipped with a Gatan Imaging Filter operating at 300 kV. Specimens for TEM investigations were prepared in two ways. In the first process, nanorods were harvested from the substrate in an ultrasonic bath of deionized water, and then, a droplet of the suspension was placed on a lacey carbon grid. When preparing a TEM specimen this way, one should keep in mind that the process may be selective; there may be structures grown onto the substrate that will not detach from it or some structures might be lost (e.g., broken into too small pieces) during the process. In the second process, the structure is filled up by a low viscosity embedding glue (M-Bond 610) by covering the whole structure with a thin (typically 20-50 μm) layer of the glue. Then, conventional Ar + ion milling was carried out to obtain various thin sections of the embedded structures. Ion energies were typically in the range of 6-10 keV; lower energies were applied before reaching perforation of the specimen to avoid excessive heat load on the nanorods. To remove amorphous artifacts, low energy ion milling was carried out on most samples in the range of 500-2000 eV. On plan-view TEM specimens (sections parallel to the substrate), the ion milling procedure described in Refs. 15 and 16 was followed to obtain thin sections lying deeper than the embedding glue surface.
Results and discussion

Wet chemically etched SiNRs
Typical cross-sectional TEM view of wet chemically etched silicon nanorods are shown in Figure 1 . The micrograph was taken on an ion-milled cross section of the structure as described in the experimental section. The shown thin section is approximately perpendicular to the substrate surface, and the imaging electron beam is parallel with the substrate surface; hence, we see a forest of SiNRs perpendicular to the substrate surface, with straight vertical boundaries. On the dark field micrograph (Figure 1b) , it is evident that there is no boundary at the substrate since the structure was natively the same piece of single crystalline material.
All the etched channels have a depth of 2.7 ± 0.3 μm. The very short NR denoted by an arrow in Figure 1 is most probably a part of a full length NR which has lost its top section during preparation. The diameter of the NRs is rather diverse, ranging from 330 to 43 nm, depending on the size and arrangement of the silver grains. An NR transferred to lacey carbon grid is shown at high magnification in Figure 2 .
The NR exhibits a straight surface with exceptionally occurring rougher regions denoted by an arrow in Figure 2 . Contours along the axis are usually seen, which are attributed to thickness variations due to irregular cross sections. As originally, these pieces of Si belonged to one single crystal, no twins or other defects were observed in these NRs. To image the cross section of the NRs, a thin section of the structure was prepared parallel to the substrate surface. The image showing several chemically etched nanorods is shown in Figure 3 . These have irregular cross sections and a wide range of diameters (from 50 to 1000 nm). This is a consequence of the more or less random arrangement of the Ag catalyst particles which promote the etching process. This way, the cross section of the remaining material will have an irregular concave shape, which necessitates further process steps to reach cross sections more suitable for solar cell applications. The structure obtained here has a relatively large surface area, that may be advantageous in other applications, e.g., sensors. 
SiNRs grown by the VLS method
The VLS grown structures contain NRs that are grown in random directions with respect to the substrate as shown in Figure 4 . On the ion-milled thin sections shown in Figure 4 , many different sections of NRs are seen depending on the NRs angle with respect to the thin section's plane which is approximately perpendicular to the substrate surface. At low silane partial pressure (Figure 4a ), SiNRs were grown on a native oxide free Si wafer having their axis along the <111> direction. In contrast, the NRs grown at higher silane partial pressure grow along the <211> direction and planar defects are seen along the axis of one NR shown in Figure 4b . From this image, it is clearly seen that proper side view of the structure can only result from a different preparation method, ensuring that the NRs lie in a plane perpendicular to the imaging electron beam. To achieve this, some of the NRs were transferred to amorphous carbon foil. Figure 5 shows a collection of results obtained on NRs grown at low silane partial pressure. The formation of (111)-type twins and the change of the growth direction are shown in Figure 5a . These kinks form while the growth direction changes from one <111>-type direction to another equivalent one (there is an angle of 109.5°between different <111>-type directions.)
The angle of the kink presented in Figure 5a is 110°being very close to the theoretical value mentioned above. The inset in Figure 5a is a selected area diffraction pattern showing two different <110> zones with a common {111} mirror plane being also the twin boundary plane. The two sets of reflections corresponding to the respective member of the twins are connected with white and yellow lines. The roughness of the sidewalls, shown by arrows, is also revealed; surface irregularities extend to a range of about 5-10 nm. The surface roughness is attributed to small changes of the diameter of the Au droplet during the growth [17] .
The diameter of Si NRs is depending on the Au catalyst particle's diameter as seen in Figure 5c . A slight change in the diameter of the NRs along the growth direction is also observed (Figure 5b) . The diameter is decreasing by about its fifth (10 nm) over a distance of 1500 nm. This may be attributed to two reasons: (1) the catalyst particle is decreasing in size during the growth process, so-called Ostwald ripening [18] takes place, or gold is evaporating or trapped in the growing Si phase; (2) the sidewalls are epitaxially growing at a slow rate during the process. The latter explanation is less probable since we do not see any growth on the substrate surface, although there should be considerable deposition of Si there as well if there is one on the side walls. Assuming the catalyst particle is decreasing during the process implies a limit for the length of the rods set by the point where the catalyst particle is consumed. It is difficult to determine the reason for the shrinkage of the Au particle. There are Au atoms in a solid solution in the NR, and their undesirable effect on electrical properties are also known [19, 20] ; however, this means a low concentration (in the order of the dopant concentration levels) that cannot account for a visible shrinkage. Evaporation of the catalyst material will also occur in a slow rate determined by the low equilibrium vapor pressure of Au (~10 −8 mbar at 510°C) at the growth temperature. Taking the large surface to volume ratio of the catalyst particles into account, it seems reasonable to suggest that evaporation of Au is one possible reason for the shrinking of the catalyst particles.
Other studies [21] also mention surface diffusion of Au atoms on the sidewalls, leading to Ostwald ripening. Although we do not observe NRs increasing in diameter during growth (which would prove Ostwald ripening), it is reasonable to assume that sidewalls accommodate a small amount of gold that could also contribute to the shrinkage. Nevertheless, recent studies on gold contamination in SiNWs, based on grazing-incidence X-ray diffraction [22] , revealed that a significant amount of gold is present on the sidewalls of the NRs even after a wet-chemical etching process meant to remove the gold contamination. The cross section of the NRs was also studied on ionmilled plan view sections of the structure embedded in glue. The slices of NRs are shown in Figure 5d . All of them have low-energy silicon facets with a morphology close to six-or three-fold symmetry. High-resolution images showed that {220} lattice fringes are present Si NRs grown at high silane partial pressure on (111) Si wafers with the native oxide present exhibit strong [211] preferred orientation as shown in Figure 6 .
Twinning is also observed here, but the different orientation of the growth axis constrains the (111) plane twin boundaries to be parallel with the axis. Such a twin boundary is presented in Figure 6a . The first image is a bright field micrograph with the electron beam parallel to [022] direction, followed by three dark field images. Dark field images were recorded with diffracted beams as follows: 1. common (11-1) -in this case, the twin boundary (TB) is almost invisible; 2. purple colored (02-2) -only the right side of the twin SiNR is visible; 3. yellow colored -twin reflection (T-11-1) reveals the left side of the twin.
Due to the geometry of the twin boundary, the rods are cut to halves by a boundary extending over the whole length (Figure 6c ). Cross sections of these NRs were also prepared to examine the shape of sidewalls. These are different from those grown at low silane partial pressure having more round sections and sidewall facets of only <111> type, that are smoother, and facets are parallel with the twin boundary.
A comparison of the twin geometry in the two types of VLS grown NRs is presented in Figure 7 . In <111> NRs, twins must be at an angle (or perpendicular) to the axis, and hence, they can only extend over a section of the rod in contrast to the usual case for <211> rods. Obviously, the twin formation takes place at an early stage of the growth and the position of the boundary within the NR is maintained for very long sections, indicating that the growth direction is also maintained accurately during growth.
Conclusions
Silicon nanorods for solar cell applications were produced successfully in two different ways, investigated in detail, and compared in view of their structural properties. Topdown NRs exhibit a perfect crystalline quality and alignment inherited from the original single crystalline wafer; however, the shape of their cross section is irregular (that can be possibly controlled by silver pattering). In comparison, bottom-up VLS grown nanorods have a uniform morphology, while there is no uniform alignment of the rods when epitaxial growth is disturbed. During the VLS growth, defects are formed in the Si wire. Two types of defects were observed: kinks and twin boundaries.
Axial p-n junctions can be prepared from both types of the grown Si NRs. Radial p-n junctions could be formed on the VLS grown nanowires while that could be more difficult on the etched ones due to the irregular concave side surface and wide distribution of diameter. Once the NR morphology can be controlled in a reliable and simple way, the etched structure becomes a promising candidate for solar cell fabrication. The VLS grown NRs exhibit an advantageous morphology; however, their alignment is not uniform which may set back their application. Furthermore, gold catalyst can influence the electrical properties of the wires via deep levels in Si, and therefore, further experiments are in progress with different catalyst material. Fig. 7 . Alignment of the {111} plane twin boundaries in NRs grown in <211> and <111> directions and examples on observed twin boundaries. If the axis is parallel with the <211> direction, the twin boundary will also be parallel with the axis extending over the whole NR. In NRs grown along the <111> direction, the twin boundaries are tilted with respect to the axis
